I. INTRODUCTION
The concept that functional deficits consequent to substantia nigra (SN)l lesions can be alleviated by tissue transplantation has attracted considerable attention, in part because of the potential application to Parkinson's disease, but also because it has served as a model for the general approach of altering impaired brain function through tissue transplantation. Two different kinds of tissue have primarily been employed for this purpose. The first, embryonic SN, is a logical choice and there is a general consensus that the functional effects of SN grafts are due to reinnervation of host brain by neurites derived from the graft (17, 32, 33, 48, 50, 52, 53, 93, 111) . The ultimate limitations of embryonic SN for transplantation involve ethical and practical problems related to donor tissue source and immunological barriers. The other frequently used donor tissue type, adrenal medulla from relatively mature animals, is also functionally effective (49) . While the functional effects of adrenal medulla grafts may be less than those of SN grafts, tissue donor and rejection problems are avoided. The reasons for the functional effects of adrenal medulla grafts are somewhat uncertain. Despite this uncertainty, adrenal medulla autografts have been applied to hundreds of human patients, and even to some diseases other than Parkinson's disease including progressive supranuclear palsy and intractable pain (e.g., (82, 160, 161) ). The purpose of the present paper is to review the basic and clinical data on the properties of adrenal medulla grafts, present the various hypotheses for the mechanisms of action of adrenal medulla grafts, and discuss the clinical data in light of these various hypotheses.
II. SOME PROPERTIES OF ADRENAL CHROMAFFIN CELLS
Adrenal chromaffin cells produce and secrete catecholamines (80). Catecholamine biosynthesis is regulated by a combination of neuronal and endocrine signals (149). In particular, the activity of phenylethanolamine N-methyltransferase (PNMT), which catalyses the synthesis of epinephrine from norepinephrine, is maintained by glucocorticoids from the adrenal cortex (165).
Adrenal chromaffin cells, even when taken from mature animals, can undergo a partial morphological transformation, including development of processes, when removed from the adrenal gland and either grown in tissue culture (154) (155) (156) (157) (158) (159) or transplanted to the anterior eye chamber (103, 104, 143, 144) .
Adrenal chromaffin cells are capable not only of developing processes, but also may innervate brain tissue cotransplanted to the anterior eye chamber (104). The degree of morphological transformation exhibited by the normally round adrenal chromaffin cell can range from the development of an elongated shape to short coarse cytoplasmic extensions and even to the development of long ramified processes (29, 61, 143, 151, (154) (155) (156) (157) (158) .
This transformation is normally inhibited by the high concentrations of corticosteroids from adrenal cortex present in the adrenal medulla (154), so that some degree of transformation occurs when the cells are simply grown in isolation. Much more extensive process formation is, however, promoted by addition of nerve growth factor (NGF) to the medium (144, 150, (154) (155) (156) . Other substances, including ciliary neuronotrophic factor and CG-glioma conditioned medium also promote neurite outgrowth from adrenal chromaffin cells (136, (157) (158) (159) mal models of Parkinson's disease. In the first study of adrenal medulla grafts by our group (49), we found that grafts of adrenal medulla taken from young adult donors decreased apomorphine-induced rotational behavior ( Fig. 1 ). This behavioral measure is used in animals to indicate the severity of unilateral SN lesions. The ability of adrenal medulla grafts to decrease rotational behavior has been replicated by several groups (12, 15, 34, 37, 114, 146) , while one recent study by Brown and Dunnett in which the grafts did not survive found no effect (20) . Our initial study of intraventricular adrenal medulla grafts found consistently substantial numbers of surviving catecholamine-containing cells, from 66 to 4080 (mean = 1535) per host animal (49). This nevertheless represents a minority of the cells that were implanted.
Intraventricularly transplanted chromaffin cells show a range of morphologies.
In some grafts, either where small amounts of adrenal cortex is included, or even without inclusion of adrenal cortex where the medulla remains relatively intact, the cells exhibit a rounded shape (Fig. 2) .Chromaffin cells in adrenal medulla grafts can be identified by immunoreactivity for chromogranin A, tyrosine hydroxylase (TH), and dopamine /3-hydroxylase (DBH). There is a decrease in the expression of PNMT immunoreactivity (Fig. 3) . Where isolated small groups of cells are seen, the cells may develop short processes or coarse cytoplasmic extensions. Of 758 chromaffin cells examined in intraventricular grafts, only 11% were classified as having processes and 17% were described as having coarse cytoplasmic extensions, with the remaining 72% exhibiting round or elongated shapes (42, 50) . None of these processes entered into the host brain, and all remained within the graft itself. (76) showed that transplanted cells in the subarachnoid space tended to remain round or cuboidal with a few short processes, while cells in grafts in the hippocampal parenchyma showed more extensive process formation (76). In a subsequent biochemical study (47), we confirmed that these grafts consistently contain substantial amounts of dopamine, norepinephrine, and epinephrine. Dopamine concentrations in the striatum adjacent to adrenal medulla grafts are also increased (12,26). It is striking that the concentrations of dopamine in adrenal medulla grafts were extremely variable, ranging over four orders of magnitude (42, 47) . This is consistent with other studies showing that concentrations of dopamine in the adrenal medulla in uiuo tend to be very variable, changing markedly in response to manipulations such as the administration of various drugs (139). In another more recent study, however, we found much less variability in adrenal medulla graft dopamine concentrations (12 greater variability in dopamine concentrations in the grafts from the earlier study was due to greater inconsistency in dissection and transplantation techniques. In many cases, dopamine concentrations in adrenal medulla grafts greatly exceeded the concentrations of dopamine found in the intact striatum (46), strongly suggesting that at least some of the dopamine found in the graft samples was produced within the grafts, not by the host brain. In host animals with SN lesions, epinephrine concentrations in adrenal medulla grafts were increased and dopamine concentrations were decreased (47), suggesting the possibility that the host brain exerts an influence on intraventricular adrenal medulla grafts. We have recently found that, when bilaterally transplanted into the lateral ventricles of neonatal rats, adrenal medulla grafts consistently survived and contained numerous catecholamine-containing or TH-immunoreactive cells when the hosts reached adulthood (137). When the animals bearing adrenal medulla grafts received bilateral SN lesions, they showed increased eating and drinking behavior, while controls that had received sciatic nerve grafts were aphagic and adipsic (137). Adrenal medulla grafts in this model were, however, less effective than embryonic SN grafts (135): Adrenal medulla grafts did not increase activity and the increased eating and drinking were not sufficient to sustain their body weights. Although the grafts survived consistently, there was no apparent relationship between the degree of behavioral effect in individual animals and the number of surviving cells, position of the grafts, or any other obvious histological parameter. Nevertheless, this study shows that adrenal medulla grafts can produce at least some functional effects other than reductions in rotational behavior.
We have also found that adrenal medulla is ineffective, according to behavioral measures, when taken from aging donors and transplanted either to the lateral ventricle (42) or directly into the striatum (45). Bovine adrenal chromaffin cell grafts from immature donors also appear to produce greater amounts of catecholamines than grafts from mature donors, when transplanted into the rat striatum (37). Tischler and coworkers (151) reported that most of the chromaffin cells from adult rat adrenal medulla lose the ability to respond to NGF in uitro. On the other hand, found that adrenal chromaffin cells from human donors aged 3-51 years showed process formation in the presence of NGF. Also, grafts from aging donors survive well in the lateral ventricle (42). Recently, another study by Stromberg and co-workers reported that adrenalchromaffin cells from aging donors survive transplantation to the anterior eye chamber and form processes in response to NGF (142). The reasons that aging adrenal medulla is behaviorally ineffective are therefore unclear; however, these studies underscore the importance of behavioral or functional studies in evaluating the efficacy of intracerebral transplantation procedures.
B. Intrastriatal Adrenal Medulla Grafts
Because of the initial supposition that the functional effects of adrenal medulla grafts were due to nonspecific release of catecholamines into the extracellular compartment, the lateral ventricle was not thought to be an ideal graft location. The prevailing assumption was that much of the catecholamines secreted by grafts in the lateral ventricle would be lost into the cerebrospinal fluid. For that reason, several studies were performed to determine whether adrenal medulla could successfully be transplanted into the striatal parenchyma, rather than into the ventricle.
Most of these studies have yielded negative or relatively discouraging results. Herrera-Marschitz and coworkers (70) and found that the vast majority of the transplanted chromaffin cells died within a few hours after transplantation into the head of the caudate-putamen. These grafts produced substantial short-term behavioral effects during the first few hours after implantation that were attributed to release of catecholamines from degenerating cells. Subsequent studies of long-term effects of these grafts by Bing and co-workers (15), by our group (45), and by Stromberg and co-workers (105,146), confirmed that relatively few transplanted cells in intrastriatal grafts (in contrast to intraventricular grafts) survived on a long-term basis (45, 105, 146 ). An average of less than 100 ceils per target transplantation site survive (15, 45) and the behavioral effects produced by these grafts are usually small. Dissociated chromaffin cell grafts in the striatal parenchyma also survive poorly (15, 20, 109) . In one of these studies (15) substantial decreases in rotational behavior over 4 weeks were observed, notwithstanding the fact that no more than 100 surviving cells were found in any of the animals.
One study of intrastriatal adrenal medulla grafts by Stromberg and co-workers (146) reported that chronic administration of NGF increases both the functional effects and the survival of chromaffin cells. It may be that the limited survival of adrenal medulla grafts in the striatal parenchyma is due to the low concentrations of NGF in this nucleus (83). Several additional factors could contribute to the poor survival of intraparenchyma1 adrenal medulla grafts, including relatively poor nutritional conditions in the parenchyma compared to those in the ventricle, the inevitable accumulation of blood in intraparenchymal implantation sites, and compression of the cells. Mature cells may not be able to withstand these conditions, in contrast to embryonic neurons. In summary, it appears that all factors which influence adrenal medulla graft survival are not known, as several studies have reported poor cell survival (8, 15, 19, 20, 36, 45, 65, 70, 96, 109) and others (13, 27, 31, 42, 43, 47, 49, 64, 76, 108, 116, (126) (127) (128) (129) (130) (131) (132) 137, 146) have found good survival of adrenal chromaffin cell grafts under various circumstances.
Most data, however, suggest that functional effects of intraventricular adrenal medulla grafts in rats with GOHDA-induced lesions of the SN are seen only when substantial numbers of transplanted chromaffin cells survive. Recent data by suggest that intraparenchyma1 adrenal medulla grafts, which do not otherwise alter the behavior of host animals, may produce rotational behavior when stimulated with nicotine, but only if the grafts survive.
In some experiments that have obtained behavioral effects in spite of poor cell survival (15, 20) , it has been concluded that the grafts must operate by some other mechanism, not related to catecholamine secretion by the grafts. All of these experiments have involved grafts into the brain parenchyma rather than into the ventricle. This suggests that injury to brain tissue produced by these grafts is an important factor, although there is also the possibility that the intimate contact between the graft and host brain allows for some trophic interaction. In the following section (IV B), a second anatomical effect of adrenal medulla grafts (8, 15, 36, 54 ) is reviewed. This effect is primarily seen in animals with nigrostriatal damage induced by MPTP and could contribute to the behavioral effects of adrenal medulla grafts under some circumstances.
Thus at least in some experiments, adrenal medulla grafts can survive well when transplanted into the lateral ventricle, but not when transplanted into the parenchyma of the corpus striatum (15, 45, 49) . This is consistent with the better survival and larger size of solid embryonic brain tissue grafts in the lateral ventricle compared to the brain parenchyma (101, 115) . Correspondingly, the long-term behavioral effects of adrenal medulla grafts are greater when the grafts are placed into the ventricle, compared to when they are placed into the striatum of the rat (15, 27, 45, 49, 70, 146) . NGF appears to increase the survival of intraparenchymal adrenal medulla grafts in addition to increasing their behavioral effects (114, 146 Consequently, it seems conceivable that adrenal medulla grafts could act as paracrine tissues and influence the surrounding brain by releasing chemical substances into the interstitial space followed by diffusion.
Release of Catecholamines into the Extracellular Space
The mechanism of action of adrenal medulla grafts that was initially proposed was secretion of catecholamines followed by diffusion, i.e., a paracrine mode of action. This was suggested because these grafts did not reinnervate the host brain (Fig. 4 ), but in fact was not supported by any direct evidence. It was subsequently reasoned that, if the grafts operated by secreting catecholamines nonspecifically into the extracellular space, appreciable amounts of catecholamines should also be found in the ventricular cerebrospinal fluid (CSF) of these animals (12,13). In animals with adrenal medulla grafts, however, no dopamine was found in the CSF even though dopamine metabolites in the CSF were increased (12) (Fig. 5 ). Clinical studies of adrenal medulla grafts in patients with Parkinson's disease have also found no increase in free dopamine in CSF, although dopamine sulfate was increased (153). In two abstracts it was also stated that dopamine was not increased in human patients that had received adrenal medulla grafts (21, 22) . Thus it is improbable that the functional effects of adrenal medulla grafts are due to diffusion of dopamine from the grafts into surrounding tissues; if (12) is that transplanted chromaffin cells secrete catecholamines into local blood vessels and that these catecholamines are then transported into the host brain through the circulatory system, i.e., an endocrine mode of action. These catecholamines may then leak out into the host brain through areas of increased blood vessel permeability adjacent to the graft (121).
this were the case, dopamine should be found in the CSF as well.
Although the absence of dopamine in the CSF of animals and humans with adrenal medulla grafts argues that diffusion probably does not mediate their effects, this mechanism should not as yet be entirely dismissed. First, it needs to be demonstrated that the diffuse release of small amounts of dopamine (e.g., from pumps or dopamine-releasing polymers) into the ventricle results in increased CSF dopamine. It is possible that small amounts of dopamine are rapidly diluted in CSF, making detection of increases difficult. Also, adrenal medulla grafts with large numbers of surviving cells cannot always be produced reliably, and it is possible that CSF dopamine would be increased when larger numbers of chromaffin cells survive. One study has, in fact, reported increases in CSF dopamine in human patients receiving intraparenchymal adrenal medulla grafts (75). Finally, increases in norepinephrine (about 3-fold) and epinephrine (more than 20 fold) in spinal cord superfusate have been found in animals with adrenal medulla grafts in the spinal cord (79). The increases in superfusate catecholamines were correlated with measures of alterations in pain perception. The possibility that adrenal medulla grafts release catecholamines into the interstitial space cannot yet, therefore, be entirely excluded.
Blood Vessels and Blood-Brain
Barrier Impairment
Another possibility is that adrenal medulla grafts preserve their normal endocrine mode of action after transplantation and secrete dopamine not into the extracellular fluid but into blood vessels (12, 13). These blood vessels might then carry the secreted dopamine into the adjacent host brain. Rosenstein and Brightman have found that intracerebral tissue grafts in general produce local impairment of the blood-brain barrier (122, 123) . Adrenal medulla grafts result in local permeability of the blood-brain barrier (121) and are associated with fenestrated capillaries (108). Sagen and Pappas (125) (10) and (12) the blood-brain barrier to pharmacological agents following adrenal medulla grafts, while Ahlskog et al. (1) found a partial permeability of the blood-brain barrier to carbidopa, but not to larger molecules, 6 months after adrenal medulla transplantation in human patients. This blood-brain barrier impairment is thought to occur through two mechanisms:
first, blood vessels in peripheral tissue grafts have a fenestrated endothelium characteristic of peripheral vessels. Second, leakiness of blood vessels may occur at the point of anastomosis between graft and host blood vessels (122, 123) . It is interesting that intrastriatal pituitary tissue grafts have been found to cause leakage of the blood-brain barrier over a relatively wide area within the host striatum (27) . If the grafted adrenal chromaffin cells secrete catecholamines into local blood vessels, these catecholamines might then leak out into the host brain at the point of anastomosis between graft and host vessels, within the corpus striatum of the host animal. In support of this hypothesis, it was found that peripheral blood of animals with adrenal medulla grafts contained increased amounts of dopamine, while blood epinephrine and norepinephrine were not increased (10, 11). Moreover, concentrations of dopamine in peripheral blood were directly correlated with the behavioral efficacy of these grafts, as measured by reductions in apomorphine-induced rotational behavior (12). The correlation of dopamine in blood with behavioral effects was replicated in a second experiment ( Fig. 6 ) (Refs. (10, 11) ).
Adrenalectomized animals also showed increases in blood dopamine after adrenal medulla grafts, but the increases in blood dopamine in the adrenalectomized animals were not correlated with the behavioral effects of the grafts (11, 12). There was no clear relationship between the number of surviving chromaffin cells and the increases in blood dopamine (the histology, however, was done some time after blood collection), so there is a possibility that the increased blood dopamine is not secreted by the transplanted cells. A peripheral source for the increased blood catecholamines cannot, therefore, be entirely ruled out. Further experiments to clarify this issue are in progress.
There is evidence that dopamine from the blood can enter the brain in animals with adrenal medulla grafts (10, 11, 121) . Following systemic injections of dopamine, we have found that extracellular dopamine is increased in brain areas adjacent to adrenal medulla grafts (10, 11) . This apparent entry of dopamine from blood to brain was found in animals with behaviorally effective adrenal medulla grafts, but not in most animals for which the grafts were ineffective (11). It thus seems possible that graft survival is necessary for both behavioral efficacy and blood-brain barrier impairment in this model; moreover, surviving nonchromaffin cells (65) may be sufficient to produce blood-brain barrier permeability. Impairment of the blood-brain barrier may therefore play an important role in the effects of adrenal medulla grafts.
B. Effects Not Dependent on Catecholamine Secretion

Possible Trophic Effects
A number of recent studies suggest that adrenal medulla grafts may produce functional or anatomical effects that do not depend upon catecholamine secretion. In the first such experiment, Bohn and co-workers (19) reported that adrenal medulla grafts promote the reappearance of TH immunoreactivity in the striatum of mice with damage of the nigrostriatal dopaminergic neurons induced by the neurotoxic agent 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP in any of the animals, decreases in amphetamine-induced rotational behavior of more than 50% were seen after 3.5 weeks. This suggests that the sprouting-like response may have contributed to the decreases in rotational behavior. One factor that may have contributed to the observation of a sprouting-like response in this experiment, but not in several other studies using the GOHDA lesion model (45, 49, 114, 146) , is that the time interval between GOHDA lesions and transplantation was only 10 days, which could have permitted the grafts to prevent the subsequent death of damaged dopaminergic neurons (15). Other previous studies of adrenal medulla grafts employed time intervals between lesioning and transplantation of one to several months. Subsequent studies of adrenal medulla grafts in primates using the MPTP model also suggest that adrenal medulla grafts promote the growth of catecholaminergic neurites adjacent to the grafts (36, 54). In these experiments grafts were implanted into cavities in the ventricular wall as well as directly into the head of the caudate nucleus. Both procedures enhanced TH-immunoreactive fibers adjacent to the grafts, but implantation directly into the brain was the more effective procedure. It should also be noted that the MPTP lesions in these animals caused markedly decreased TH immunoreactivity in the SN, but there did not appear to be a substantial loss of cell bodies. In this study (36), it was reported that the presence of enhanced TH-immunoreactive fibers was not dependent upon implantation of tissue and was observed equally in one animal that received implantation of the metal tissue carrier without tissue. The illustrations (Fig. 4 in Ref. (36) ) show that the enhancement of TH-immunoreactive fibers in the animal that received the metal tissue carrier alone was accompanied by intense TH-like immunostaining of the ventricular ependyma, whereas the ependyma was unstained in the animals that received adrenal medulla grafts. The ependyma would not be expected to be positive for TH immunoreactivity.
Thus, there did appear to be a substantial qualitative difference between adrenal medulla implantation and the tissue implantation procedure. One control received the tissue carrier only in the striatum, and another control received the tissue carrier in the ventricle. Enhanced staining was seen only in the control animal that received the tissue carrier implant into the striatum.
These data do not entirely resolve the question of whether it is damage produced by surgery to the striatum alone that promotes the growth of TH-immunoreactive neurites in adjacent areas or whether adrenal medulla implantation is required. Nevertheless, the fact that tissue implantation directly into the brain was more effective than intraventricular implantation in promoting TH immunoreactivity suggests that injury to the brain plays an important role in this response.
A recent study by Bankiewicz and co-workers (8) examined the effects of adrenal medulla grafts in rhesus monkeys with unilateral MPTP-induced nigrostriatal lesions. Animals received grafts of adrenal medulla, adrenal cortex, adipose tissue; sham operation; or lesion only. Animals were evaluated in terms of ipsi-or contralateral limb use and apomorphine-induced rotation. In terms of apomorphine-induced rotation, the adrenal medulla grafts produced a large (about 70%) reduction in rotational behavior 3 months after transplantation, compared to approximately 30-40% for the adrenal cortex, adipose tissue, and sham groups, and no change for the lesion-only group (no statistics were given). Six months after transplantation, all three tissue groups (adrenal medulla, adrenal cortex, and adipose tissue) showed 30-40% decreases, while there were no decreases in the lesion-only and sham groups. Thus the adrenal medulla group produced effects greater than those of the other tissues at 3 months only. For the limb-use test, however, only the adrenal medulla group produced an improvement.
This improvement was present at 3 months, but disappeared by 6 months. There were no changes in any of the other groups. Adrenal medulla, therefore, produced some specific effects, but these effects did not persist indefinitely.
More modest, but longer lasting, nonspecific effects seem to have been associated with tissue implantation.
Histologically, evidence of increased TH-immunoreactive neurites was found adjacent to tissue implantation sites. The increase in TH-immunoreactive neurites seen in the Bankiewicz et al. (8) and Fiandaca et al. (36) studies seemed to be somewhat more localized anatomically, compared to that reported by Bohn et al. (19) . In the mouse, the increased TH immunoreactivity seemed to be relatively widespread, over large parts of the caudate-putamen (19), although this does not necessarily indicate a fundamental difference in the nature of the effect in view of the much larger size of the primate compared to that of the mouse striatum.
In the experiment by Bankiewicz and co-workers (8) it was reported that transplantation of tissue, including adrenal medulla, cortex, and adipose tissue, in addition to the creation of a surgical wound in the head of the caudate, caused equivalent fiber growth from intact dopamine neurons into the damaged caudate nucleus (p. 548). The functional improvement was attributed to the sprouting of TH-immunoreactive fibers. No behavioral changes were, however, seen in the sham-operated animals, either in terms of rotational behavior or limb use, 6 months after transplantation when the histology was done. Although it is not entirely clear, this study in fact suggests that the behavioral effects of these grafts were unrelated to the enhancement of TH immunoreactivity, since this enhanced TH immunoreactivity was apparently seen in the sham-operated animals 6 months after transplantation when these animals showed no behavioral improvement. This is essentially the only study in primates that attempted to correlate behavior and histology, and this study could easily be misinterpreted as indicating that the behavioral effects were due to the sprouting-like enhancement of TH immunoreactivity. It is also noteworthy that any histological features responsible for the earlier improvements (at 3 months) in the adrenal medulla-grafted group would presumably not have been detected, since the histology was done after these effects had disappeared.
It is also unusual that changes present at 3 months would disappear by 6 months after transplantation, because 3 months is a sufficient period of time for most transient phenomena, such as death of the transplanted cells, to dissipate. More complete evaluation of this study will, however, have to await publication of a more complete report. Another recent study by Bankiewicz and colleagues (7) reported behavioral improvement in primates receiving fetal SN grafts, which appeared to be related to sprouting of new TH-immunoreactive fibers from the ventral striatum. This conclusion was reached because these fetal brain grafts did not reinnervate the host brain (7), in contrast to the reinnervation seen in many other studies of fetal SN grafts (e.g., (17,42, 44, 5'2, 53, 93, 111, 138) In a recent report by Date and co-workers (26) that found a sprouting-like increase in TH immunoreactivity, an increase in dopamine concentrations was also found in the striatum adjacent to adrenal medulla grafts in MPTP-treated mice. The increases in TH expression and dopamine concentrations were greater in young mice compared to those in aging (1 year old) mice. In the aging mice, little or no increase in TH immunoreactivity and a smaller increase in striatal dopamine were seen. All mice received grafts from young donors, so the differences were due to the difference in the age of the host rather than to differences in donor age. Control animals in this study received sham operations in which the implantation needle was inserted into the striatum, but no tissue was implanted. Thus tissue injury may not have been responsible for the "trophic" effect, although implantation of tissue certainly results in greater injury and tissue reaction than a sham operation alone. It is also possible that dopamine produced by the graft contributed to the increases in striatal dopamine in this experiment (26), in view of the fact that some transplanted chromaffin cells survived. Animals with unilateral SN lesions showed bilateral changes in striatal extracellular dopamine and dihydroxyphenylacetic acid (DOPAC) concentrations, determined by microdialysis in freely moving animals, after unilateral transplantation of adrenal medulla to the lateral ventricle (10,ll).
These changes consisted of an increase in dopamine and DOPAC concentrations in the striatum ipsilateral to the grafts, in addition to a decrease in dopamine and DOPAC contralateral to the grafts (10,ll). The decreases on the contralateral, nongrafted side cannot easily be explained by direct effects of the grafts, and a complex effect involving the host brain must be invoked. One possibility is some "trophic" effect of the grafts, although it is also unclear how a trophic effect would produce one effect ipsilateral to the grafts and the opposite effect contralateral to the grafts. A second possibility is that the contralateral changes are related to feedback mechanisms involving of these two effects occurs remains incomplete. A trohost brain circuits.
phic effect of brain injury on dopaminergic neurites, In summary, there appears to be either a specific troakin to the trophic effects of brain injury originally rephic effect of adrenal medulla grafts or a nonspecific ported by Nieto-Sampedro and co-workers (98, 99) is (injury-induced) trophic effect on striatal dopaminergic certainly possible. Support for the operation of a similar systems in MPTP-treated animals. Evidence for which brain injury-related trophic effect on dopaminergic neu-rites can also be derived from a report that cortical lesions enhance the outgrowth of neurites from intraventricular substantia nigra grafts (44). It is possible that these trophic effects contribute to the functional effects of adrenal medulla grafts.
A Possible NGF-Dependent Effect
A recent study by Pezzoli and co-workers (114) confirmed that intraventricular adrenal medulla grafts reduce rotational behavior in rats with unilateral lesions of the substantia nigra. The amount of reduction of apomorphine-induced rotation was on the order of 40%, which is roughly consistent with our earlier report (49). Considerably greater effects were, however, produced when intraventricular infusions of NGF were combined with adrenal medulla grafts, confirming the results of Stromberg and co-workers (105, 146) . A surprising finding was that NGF infusions were equally effective when combined with adipose tissue or sciatic nerve grafts. NGF infusions alone, not in combination with any graft, had no effect. As observed in other studies (42,49), control tissues, in this case adipose tissue or sciatic nerve, had no effect when implanted alone. Thus all three tissues, adipose tissue, sciatic nerve, and adrenal medulla, produced similar reductions in rotation when combined with NGF infusions, even though only adrenal medulla was effective without NGF. In agreement with previous reports, adrenal medulla grafts were effective when transplanted into the lateral ventricle, but not when transplanted into the parenchyma of the corpus striatum.
There are several possible interpretations of these data. One, suggested by the authors, is that the exogenous NGF acts in concert with the reaction of the host brain to implanted tissue to produce a trophic effect on the CNS. Pezzoli et al. (114) used the GOHDA lesion model and no recovery of host dopaminergic terminals similar to that reported by Bohn and co-workers (19) was observed in their study. Other studies using similar GOHDA lesion models also have not observed anatomical recovery of dopaminergic terminals (49,146). Nevertheless, these grafts could induce trophic effects other than regrowth of dopaminergic neurites. Other possible explanations include impairment of the blood-brain barrier (121) (122) (123) , interactions between the intracerebra1 NGF injections and the sympathetic system (84, 85), alterations in blood catecholamine concentrations, or effects produced by fibroblasts included in the grafts (65, 66) . Although the mechanism of action of adrenal medulla grafts and NGF infusions in experimental Parkinson's disease models is unclear, these data cast additional doubt upon the simplistic notion that dopaminergic mechanisms are entirely responsible for the functional effects of adrenal medulla grafts.
Comments and Questions Regarding Possible Trophic
Effects of Adrenal Medulla Grafts a. Are the effects produced by adrenal medulla grafts or by nonspecijic damage? A demonstration that trophic effects of adrenal medulla grafts are specific for adrenal medulla, as opposed to a nonspecific damage effect, would of course require a comparison with a control group receiving control grafts that produce equivalent damage. On the basis of the discussion above (section IV B l), it is not possible to conclude that at least this particular trophic effect (enhancement of TH immunoreactivity in the MPTP-lesioned animal) is specific for adrenal medulla grafts. On the other hand, there are substantial indications that enhanced TH immunoreactivity can occur in areas adjacent to either adrenal medulla grafts or nonspecific tissue damage. To what degree this effect contributes to the functional effects of surviving adrenal medulla grafts remains unclear.
b. With what lesion models are these trophic effects observed? Most of the studies in which adrenal medulla grafts have been reported to have trophic effects have used the MPTP lesion model, in either mice (19, 26) or primates (8, 36) . In this model system, damage to the SN dopaminergic neurons resulting in decreased TH expression appears to occur without necessarily being accompanied by death of all nigral dopaminergic cells (62, 119), whereas GOHDA as generally used permanently destroys the dopaminergic neurons. Thus it is possible that adrenal medulla grafts somehow promote recovery of these damaged cells, resulting in a more rapid reexpression of the TH protein.
In the majority of studies of adrenal medulla grafts using the GOHDA lesion model, where the SN neurons are permanently destroyed, similar trophic effects have not been observed. There are, however, a few exceptions including studies by Bing et al. (1555) in the host brain, although smaller increases in TH expression that were not detected or other kinds of trophic effects are possible. Thus some trophic effects of adrenal medulla grafts other than diffuse dopamine release may also occur in the GOHDA-lesioned rat model.
An important question, which is beyond the scope of this paper, is which of the two models, MPTP-or GOHDA-induced damage, is more relevant to the clinical phenomenon of Parkinson's disease. Ultimately, in Parkinson's disease SN neurons are irrevocably lost, which is not always the case for MPTP-treated animals. On the other hand, the loss is probably gradual, unlike the sudden destruction of neurons in the GOHDA model. Notwithstanding, there is some evidence for trophic effects of adrenal medulla grafts in clinical situa-FREED, POLTORAK, AND BECKER tions. The disappearance of a dopamine neuron-staining antibody from the CSF of patients receiving adrenal medulla grafts is most readily explained as a trophic effect (95). Hirsch and co-workers (71) have also observed a sprouting-like enhancement of TH immunoreactivity adjacent to an adrenal medulla graft in a human postmortem tissue sample.
Possible Mechanisms for Induction of a Specific Trophic Effect
It is somewhat difficult to conjecture on the mechanisms for the induction of trophic effects, since it is not yet known whether these effects are related to adrenal medulla implantation or to nonspecific damage. One likely possibility, at this point, seems to be that nonspecific tissue implantation produces a certain amount of enhanced TH immunoreactivity, but implantation of any tissue (e.g., sciatic nerve, adipose tissue, adrenal medulla) greatly enhances the effect. This would be consistent with an intriguing possibility, suggested by several authors (19, 36, 65, 114, 120) , that the macrophage/microglial and astrocytic reaction to the implantation is responsible.
The fact that tissue implantation would be expected to result in a host response greater than that of the surgical procedure alone would be consistent with this possibility.
It has been pointed out that macrophages and brain microglia release a number of substances, including interleukin-1 (3, 39, 56, 86). Therefore, if the surgical procedure produces a small trophic response but tissue implantation enhances this response, it would be consistent with the possibility that the putative trophic response to adrenal medulla grafts is related to a host reaction to tissue implantation.
If, on the other hand, adrenal medulla grafts do indeed have a specific trophic effect upon host brain (as opposed to a nonspecific injury effect), then a mechanism to account for this effect would have to be found. Several possibilities have so far been suggested. One is the possible involvement of a dopamine-releasing factor that is present in the adrenal medulla (23). A second possibility, suggested by Otto and Unsicker (107), is that basic fibroblast growth factor (bFGF) produced by the adrenal medulla is responsible.
Blottner and associates (18) found that bFGF is present in adrenal medulla. Otto and Unsicker (107) administered bFGF, in gelfoam implants, into the striatum of mice that had been treated with MPTP, using a model similar to that used by Bohn et al. (19) . The bFGF implants increased TH mRNA, TH catalytic activity, and catecholamine concentrations in the striatum. Increases in TH activity were seen both ipsilateral and contralateral to the implant, but the increases were greater on the ipsilateral If cell adhesion molecules are involved in the effects of adrenal medulla grafts, they could account for some of the positive effects obtained with other tissues, such as sciatic nerve and adipose tissue (8, 114). We are currently attempting to determine whether one of the CAMS or extracellular matrix components present in adrenal medulla has a stimulatory effect on the growth of dopaminergic neurites.
C. Conclusions from Basic Studies and Comments
At the present time, the mechanism of action of adrenal medulla grafts is very much in doubt. As discussed above, studies of the trophic effect of adrenal medulla grafts in increasing TH immunoreactivity have not provided conclusive evidence that these effects are specific. Regarding dopamine-release theories of the effect of adrenal medulla grafts, evidence is also lacking. No consistent relationship between the number of surviving transplanted chromaffin cells and behavioral effects has been found, and there is no increase in dopamine in the CSF of animals with adrenal medulla grafts. In one study, by Decombe and co-workers (27) there was a very clear correspondence between graft survival and a nicotine-induced behavioral effect, but in this study the grafts did not decrease amphetamineor apomorphineinduced rotational behavior. A variant of this hypothesis, that adrenal medulla grafts deliver dopamine into the host brain via blood vessels, is supported by a correlation between blood dopamine and behavioral effects of adrenal medulla grafts (12). It must, however, be pointed out that this study did not contain a transplanted control group, and it is therefore not certain either that this dopamine found in blood actually was derived from the grafts or that the effect was specific for adrenal medulla grafts.
It is quite possible that adrenal medulla grafts induce functional recovery in the GOHDA-lesioned rat model by two or more independent mechanisms, perhaps including a direct dopamine-mediated effect in addition to a trophic effect on host brain. This would be consistent with the observation that the effects of adrenal medulla grafts on amphetamineand apomorphine-induced rotational behavior were d&sociable (10). In other words, some animals showed a decrease in response to amphetamine, others showed a decrease in response to apomorphine, and others showed both decreased amphetamine-and apomorphine-induced turning. It is also possible that increased serum or brain dopamine in animals with adrenal medulla grafts, in addition to acting directly upon the host brain, may be taken up and utilized by the few remaining host dopaminergic neurons (10). Regarding these as well as all other hypotheses of adrenal medulla graft function, it should nevertheless be emphasized that adrenal medulla grafts have not been convincingly demonstrated to exert a specific trophic effect on host brain, nor have the changes in blood catecholamines been shown to be a direct result of catecholamine secretion from the transplanted adrenal chromaffin cells. Moreover, even other possibilities, including diffuse secretion of catecholamines or other substances such as endorphins (9, 30, 124, 131) , have not entirely been ruled out.
There is a fundamental methodological problem that has contributed to much of this confusion. It is difficult to perform experiments to determine how adrenal medulla grafts function, when survival of the grafts does not occur consistently.
In several experiments, functional effects of adrenal medulla "grafts" have been found, even though the chromaffin cells largely did not survive (8, 15, 20) . Under these circumstances, effects that require chromaffin cell survival would, of course, not be seen. Although intracerebral adrenal medulla grafts certainly are capable of surviving, the factors that are important for the survival of intracerebrally transplanted adrenal chromaffin cells are not well understood. Added NGF can increase graft survival (144, 146), but additional factors certainly exist. Until it becomes clear how to obtain consistent adrenal chromaffin cell graft survival without added NGF, it will be difficult to resolve the mechanisms of action of these grafts.
V. ADRENAL MEDULLA GRAFTS IN PRIMATES
In primates, there have been several studies of embryonic substantia nigra grafts (e.g., (138)), but relatively little attention has been paid to adrenal medulla grafts. Morihisa and co-workers (96) found a very limited survival of intrastriatal adrenal medulla grafts. No surviving intraventricular adrenal medulla grafts were found. Hansen and co-workers (65) found a very limited survival of chromaffin cells in adrenal medulla grafts implanted into the striatum using a metal tissue carrier or implanted into the ventricular wall. The only other published study of adrenal medulla grafts in primates was that of Bankiewicz et al. (8) described above. No surviving chromaffin cells were found in that study. Recently, however, Dubach and German (31) reported on a surgical technique for adrenal medulla graft implantation in primates that avoids ejection of the implanted tissue by application of pressure, and increases contact between the graft and host brain by ejecting the adrenal medulla tissue into the host brain as elongated tissue ribbons. This method resulted in increased chromaffin cell survival, and when combined with NGF infusions large numbers of adrenal chromaffin cells were found to survive intrastriatal implantation. Wyatt and co-workers (166) also reported on an implantation device that avoids application of pressure to the tissue which resulted in increased survival of chromaffin cell grafts in primates in some cases. A second method for adrenal medulla transplantation in primates, involving combination of adrenal medulla grafts with segments of sural nerve, also results in excellent cell survival (64). A preliminary report of a trial of adrenal medulla transplantation in primates using the Madrazo et al. (90) (45, 49, 96, 146) .
Because it is impossible to perform control surgical procedures in human subjects it is correspondingly difficult to be certain about the efficacy of these procedures, and it is particularly difficult to rule out lesion effects as the cause of any improvements. Conversely, as operated patients have not generally been compared to nonoperated patients, or to any sort of control group, any effect of the grafts in slowing the rate of progression of the disease would also not be detected. Nevertheless, some tentative conclusions can be made. First, transplantation of adrenal medulla directly into either the caudate or putamen (4,87) was not effective on a longterm basis. Improvements were noted over the first 1 week to 2 months after transplantation, but these improvements were transient and the patients reverted to their pretransplantation condition over the long term. In the latter study (87), thorough quantitative neurological assessments were employed. A total of only four patients was, however, examined, two in each (4,87) study. As yet, there have not been any reports of intrastriatal adrenal medulla grafts in human patients in combination with NGF.
One additional report on intrastriatal adrenal medulla grafts, however, warrants comment. Jiao and coworkers (74, 75) at the Capital Institute of Medicine, in Beijing, People's Republic of China, transplanted adrenal medulla into the caudate nucleus, using a stereotaxic technique, in 10 patients. Modest to marked longterm improvement in their symptoms was reported. Although the assessment techniques were not as objective as those used in the more recent trial of intrastriatal grafts by Lindvall et al. (87) , the possibility that their procedures were in some way superior to those employed in previous trials must at least be entertained. There were some differences between this trial and the previous intrastriatal adrenal medulla transplantation trials that could be significant: (i) more tissue was implanted; (ii) the time between adrenal medulla removal and reimplantation was very brief, between 5 and 15 min; and (iii) L-DOPA administration was avoided after transplantation, and following the surgery only amantadine was used. In our experience, maintaining short time intervals between adrenal medulla removal and implantation seems to be important (unpublished observations).
L-DOPA has also been reported to impair the survival of intracerebral embryonic brain tissue grafts (140), so that administration of L-DOPA might conceivably be a significant factor.
Tanner and colleagues (148) have also pointed out that there is a substantial difference between the usual treatment of patients with Parkinson's disease in China and the United States that could account for some differences in interpretation of changes following transplantation.
In China, it is customary to treat Parkinson's disease with amantadine, trihexyphenidyl, and only very small dosages of L-DOPA.
In this context, an improvement termed "excellent" in China might be considered relatively modest in the United States. Tanner and colleagues (148) Autologous transplantation of adrenal medulla to the wall of the lateral ventricle, on the other hand, has been reported to produce detectable long-term improvement in Parkinson's disease. The first report of this procedure (90) found a gradual long-term improvement in two very young patients with severe Parkinson's disease. Substantial improvement in larger groups of patients subjected to the same procedure has also been reported (30, 91) . Because of the profound implications that success of this procedure would have, the data reported in these and related experiments will be examined in detail.
Considerable questions have been raised about interpretation of the changes that were reported (90,91), in part because of the subjective nature of the clinical assessments, involving changes in ratings of general clinical status on a 0 to 6 scale. Large changes, from an average rating of 1.6 to an average rating of 4.5, with half of the patients improving by 3 rating points or more, were reported (91). A second report, which apparently described the same patients, gave baseline ratings for 6 of the 10 patients and post-transplantation ratings for 7 of the 10 patients that differed slightly from those given in the earlier report (30). Also, when 1 patient, who had been reported as showing an improvement from 1 to 5 (91) came to autopsy, no surviving chromaffin cells were found (113). In the opinion of his family, there appeared to have been little improvement in the clinical status of this patient except during 2 weeks after the surgery. Of course, a clinical assessment provided by the family, that had recently lost a relative, might not be entirely accurate. This patient was the oldest in the series studied by Madrazo and co-workers (91) and suffered from dementia. The subsequent report (30) stated that older patients did relatively poorly after transplantation (91). A more systematic follow-up study by the same group reported on neuropsychological changes and immediate postoperative effects of these grafts (106). Alleviation of motor deficits was noted during the first week following surgery, similar to the immediate postoperative improvement noted by Backlund and colleagues (4) for intraparenchymal grafts. Two other postoperative effects that were noted were (i) visual hallucinations, seen in 5 of the 7 patients during the first 3 days, and (ii) stereotyped or perseverative motor and verbal behavior, and reduced spontaneous language, for 15-20 days. Gradual amelioration of the predominant motor signs of the illness, beginning about 4 weeks after transplantation, was described. Neuropsychological testing revealed improvements in motor functions, somatosensory performance (e.g., tactile identification of shapes), visual recognition tasks, and certain memory tasks. Other measures, such as language, calculations, and most memory tasks, were unchanged (106). A subsequent examination of neuropsychological test profiles in a group of 11 patients did not show a significant change from before to after transplantation, although there continued to be a modest trend toward improvement (30).
Notwithstanding the discrepancies concerning interpretation of the changes reported by Madrazo and coworkers (30, 90, 91) , the claim that adrenal medulla grafts can cause a lasting and detectable clinical improvement in Parkinson's disease has essentially been independently replicated (58, 60) . In a collaborative study by Goetz and colleagues ((58) , also cf. (110)) adrenal medulla was autologously transplanted to the wall of the right lateral ventricle using exactly the Madrazo et al. (90) procedure. Nineteen patients were involved in the study, conducted at the University of Kansas, the University of South Florida, and Rush-Presbyterian-St. Luke's Medical Center. Clinical changes were assessed systematically, by objective rating scales. The improvements seen in this patient group were not as marked as those reported by Madrazo and colleagues; nevertheless, a number of significant changes were found. There were no significant changes in medication dosages from before to after transplantation.
There were also no changes in measures of severity during "on" time periods. For "off' times, there were significant improvements according to the Unified Parkinson's Disease Scale, for the Activities of Daily Living subscale but not for the motor function subscale. The Schwab and England scale detected a substantial improvement, whereas there was no change by the Hoehn and Yahr scale. Neither scale detected changes in severity during the on periods. The mean age of the patients at the time of surgery was 54 years, and it was stated that the seven patients with the most marked improvement did not differ from the rest of the group in their age at surgery. Thus, even though these patients (58) were older than those studied by Madrazo et al. (go) , the difference in age of the patients would not seem to account for the difference in the results.
Despite these equivocal results regarding severity of symptoms, there was a marked change in the duration of on and off times: The mean on time duration, as a percentage of the waking day, increased from 48% prior to surgery to 75% 6 months after surgery, a significant change. The on time without chorea, also as a percentage of the waking day, was more than doubled from 27% before surgery to 59% after 6 months. This average degree of improvement in on durations is similar to the change that has been reported in the best single case of fetal brain tissue transplantation in a human patient reported thus far (88). There appeared to be an improvement from 1 to 3 months after surgery, but no additional improvement between 3 and 6 months. Results from the American Association of Neurological Surgeons and United Parkinson Foundation registries (5, 59), which compiled the results of several clinical trials employing the Madrazo technique, generally were consistent with the report of Goetz et al. (58) . A recent report (60) found that the clinical improvement persisted for 1 year after surgery.
In general, the studies by Goetz and co-workers (58, 60) have confirmed that adrenal medulla grafts can result in measurable clinical changes, although there seem to be large differences in the degree of improvement reported in the various studies. The Madrazo et al. (90) study reported a dramatic improvement in the general status of the patients, whereas the studies of Goetz and co-workers (58, 60) reported more modest improvements. One possible explanation for some part of this difference, at least from the data that were published, is that the measures of outcome used in the two studies were much different. The Goetz et al. (58) study measured on and off times separately, whereas the Madrazo et al. (90) study made no attempt to systematically separate on and off times (also cf. (30)). In the Goetz et al. (58) study, the patients spent, on the average, only a small fraction of each waking day (27%) in optimally useful (i.e., non-chorea) on time prior to transplantation, but after transplantation more than half of each day, on the average, was occupied with non-chorea on time (59-61%).
Thus, if patients were observed at random times without regard to whether they were in on or off states, the chances of observing and reporting each patient during an on phase would have been small prior to transplantation, but much greater (more than 50%) subsequent to surgery. This (combined with the other improvements that were noted) could easily have led 60) to conclude that there had been a very substantial improvement if they had evaluated their patients in the same manner as Madrazo et al. (90) . In other words, if patients were observed randomly, most of the pretransplantation observations would be during off phases or on phases with chorea, while more than half of the post-transplantation observations would be during non-chorea on phases, resulting in the pre-versus post-transplantation difference consisting mostly of off versus on comparisons.
Thus, it is possible that Madrazo et al. (90) were at least partially observing differences between on and off phases.
Is it possible to reach any objective conclusion regarding the degree of change found by Goetz and coworkers? That is, were these changes small, as it would appear from the rating scales, or of a useful clinical magnitude? To better understand this issue, we have derived, from the data of Goetz and co-workers (58,60), a total function score (TFS) which is intended to assess the total level of functioning as a percentage of normal function, determined from the Schwab and England scores and percentages of the day in on and off states. The Schwab and England scores are expressed on a 1 to 100 scale, with the maximum score of 100 representing essentially normal or independent functioning (134). It must be noted that these scores are somewhat subjective and that the scale is probably not arithmetically linear. Levels of functioning are different during on and off periods, and since the amounts of on and off times were also changed, the TFS was derived by multiplying the Schwab and England score for on and off periods by the fraction of each day spent in each state, respectively (Table 2) . Thus the TFS represents the total weighted average level of functioning during the course of each day, with 100% representing normal, unimpaired function.
Calculation of TFS values for the studies of Goetz and colleagues (58, 60) showed that the patients experienced approximately 20 to 30% increases in TFS scores from baseline (pretransplantation) levels by 3-6 months after transplantation.
Approximately the same level of improvement was sustained for 1 year after transplantation (Table 2) . This represents approximately a 50% improvement;
that is, 50% of the baseline deficit in motor function had disappeared. This would not seem to be a trivial change. Most of the difference, of course, results from an increase in the amount of each day in on time. In fact, on time without chorea was increased to an even greater degree, and if this factor were taken into account, the amount of improvement would be larger than 50%. It should also be noted that the average percentage improvement claimed by Drucker-Colin and coworkers (30) was 60.5%. On the other hand, these percentage improvements in TFS do not consider the mortality; postoperative impairments, including hallucinations and other psychological manifestations* and various other adverse effects that have been see ,I! (60, 73, 106). Goetz and his colleagues (58) concluded that production of dopamine by the transplanted cells could not readily explain the bilateral changes that were observed. It is, however, apparent that the changes observed were more "global" than "bilateral."
A conclusion that changes were bilateral would require a separate measurement of motor function on each side. In other words, changes in on times or overall symptom severity do not necessarily reflect the laterality of any alterations. True measurements of laterality require measurements of motor function (such as finger tapping speed or pronation-supination) separately on each side. In the subsequent report (60) finger tapping and pegboard manipulation were separately measured for each side, and the improvements appeared to be similar for right and left. This test was done during on phases only. It is also possible that laterahty changes would be better detected during off phases, as there generally were no changes in symptom severity during the on phases. The only other study of adrenal medulla grafts that addressed laterality specifically, in fact, was the earlier study of intrastriatal adrenal medulla grafts by Lindvall and colleagues (87) . This study did detect short-term global changes, such as alterations in on times, even though more specific tests of motor function showed that the effects were clearly unilateral. Thus, the study of Goetz et al. (58) does not necessarily refute the hypothesis that the clinical effects of adrenal medulla grafts are related to local dopamine release or to other localized effects.
Several additional studies have recently reported on clinical trials of adrenal medulla transplantation in Parkinson's disease (2, 5, 38, 59, 73, 78, 162) . In one recent study by mild to moderate improvement in symptom severity was found, although one patient appeared to improve markedly. Strikingly, however, there were small but significant improvements in measures of symptom severity during off but not during on phases, similar to the observations of Goetz et al. (58) . Thus most of the findings of Kelly et al. (78) are very much in agreement with those of Goetz et al. (58, 60) .
The two studies (58, 78) appeared to differ significantly in the degree of improvement in on time without dyskinesia (presumably similar to chorea), as determined by diary records. The Kelly et al. (78) study also observed an increase, but to a much smaller degree than that observed by and Penn et al. (110) . The baseline on time without dyskinesia in the Kelly et al. (78) study was, however, much greater than (about double) the baseline on time without chorea from the Goetz et al. (58) study, possibly resulting in a ceiling effect. It is very interesting that there was only one patient in the Kelly et al. (78) study that showed a baseline on time without chorea/dyskinesia similar to that observed by Goetz et al. (58) of 4 h per day, and this patient showed a large increase, to almost 13 h per day, 6 months after transplantation. A reasonable hypothesis, therefore, is that adrenal medulla grafts markedly increase on time without choreaidyskinesia for patients having baseline on times without chorea/dyskinesia in the 3 to 5 h per day range. If such a change occurs it would certainly be of clinical value, and baseline on time without chorea might prove to be a predictor of clinica response to adrenal medulla grafts.
A recent study by Flores and co-workers (38) also employed the Madrazo technique, and the improvements found in this study were also relatively minor. Only 4 of FREED, POLTORAK, AND BECKER the 22 patients showed long-term improvement, and the remainder showed brief periods of improvement only. In general, the degree of improvement seen was small. A slightly different approach was employed in a clinical trial by Allen and associates (2). The surgical approach was similar to that employed by Madrazo et al. (go) , except that the adrenal medulla tissue was held in place by (i) covering the graft with a piece of gelatin sponge and autologous blood or cryoprecipitate and thrombin (3 patients), or (ii) covering the graft with a Dexon net held in place by cryoprecipitate and thrombin (15 patients). It was concluded that distinct improvements, lasting at least 1 year, were seen in some of the patients. Examination of the data, in fact, reveals that the first 3 patients (graft covered with gelfoam) showed a mean improvement in the Columbia rating scale scores of 7%, compared to a 15% improvement for the patients receiving the grafts covered by the Dexon net. This degree of improvement is not great. In a few individual patients, however, a very substantial improvement was observed (maximum 67%). It is also noteworthy that the Columbia rating scale probably detects global changes adequately, but may not be the ideal instrument for detecting small or lateralized changes in motor function.
Patient age and symptom severity were varied in this latter study, and the data tended to suggest that younger patients with less severe symptoms showed the greatest improvements. The possibility of better outcome in younger patients would be consistent with the original study by 90) . These variables (age and symptom severity) have not as yet been varied systematically, and this conclusion should be interpreted cautiously. It is interesting, however, that animal data also suggest that adrenal medulla grafts from normal aging donors (42, 45) , and from young donors in aging hosts (26), are less effective. There is also evidence of decreased catecholamine concentrations in the adrenal medulla of patients with Parkinson's disease (141). Both of these phenomena, progressive damage to the adrenal medulla from the disease process and decreased efficacy of adrenal medulla grafts in aging individuals, could conceivably contribute to a decreased efficacy of this procedure in older patients.
B. Postmortem Studies in Human Patients
Several human patients that received adrenal medulla grafts for Parkinson's disease have come to autopsy and have been examined carefully (28, 40, 71, 72, 73, 113) . Most of these autopsies were from cases that did not show improvement as a result of the transplantation, and in most of these cases it did not appear that adrenal chromaffin cells had survived (28, 40, 71) . Thus no conclusions about the possible mechanisms of functional improvement can be drawn from these particular cases. It is also unclear whether the entire graft area was sectioned in some cases. One thoroughly studied case was from a patient who died 4 months after surgery but who did not improve. Evidence for the survival of transplanted chromaffin cells as well as decreases in striatal dopamine receptors was obtained (72). The surviving chromaffin cells were identified by chromogranin A immunoreactivity, but did not show TH immunoreactivity. In the case reported by Peterson and co-workers (113), the graft did not survive but it is unclear whether or not the patient improved (see above, section VI A). A case examined by Jankovic and co-workers (73) showed some improvement prior to death, but surviving chromaffin cells were not found, and no TH immunoreactivity was found either in the graft or in the surrounding host brain. It is probably more likely that patients with poor outcomes would come to autopsy sooner. Nevertheless, the consistent lack of TH-immunoreactive cells at least indicates that the adrenal medulla grafts in many cases are either not surviving after transplantation in clinical trials or are surviving but failing to express TH (72).
C. Comments and Summary of Clinical Studies
In general, intrastriatal adrenal medulla grafts appear to cause only a transient improvement, whereas intraventricular grafts seem to cause a more lasting effect. The degree of clinical improvement has been variable. In the Madrazo et al. (90) study, a very substantial improvement was reported, while in most other studies (2, 5, 38, 78 ) the improvements have been smaller. The significance of these more modest improvements has been very controversial (e.g., (57, 73, 148, 163) ), particularly in light of the relatively frequent deaths and adverse side effects. The major improvements that have been observed have been significant increases in durations of on times, particularly on times without chorea in patients that have on time without chorea for only a small part of each waking day (58, 60). Derivation of TFS scores, which consist of weighted average levels of functioning over the course of the waking day ( Table 2 ), suggests that the changes seen in these latter studies (58, 60) constitute a loss of about 50% of the average baseline functional deficit.
The on and off fluctuations in Parkinson's disease also cause difficulties for the quantification of symptom severity. Goetz and co-workers (58,60) have very effectively dealt with this issue by measuring clinical status during on and off states separately and quantifying the amount of on and off time. Although this appears to be a highly accurate and efficient technique, the nature of the changes that were seen leaves open some question about interpretation. A simple change in on and off du-rations per se would be consistent with the observed changes. On the other hand, if symptom severity were simply altered by a small amount at all times, patients might rate themselves as being in an on state more frequently and show modest improvements during off states, but show no change during on states because the slight effect of the graft was overwhelmed by the large therapeutic effect of L-DOPA. Even within the studies that have seen modest improvements overall there has, however, been a great degree of variability from patient to patient. In several clinical studies (2, 38, 73, 78 ) the majority of patients have improved only slightly, while a few patients have shown much greater effects. In view of the very variable clinical response, it would seem to be important to develop predictors of outcome. There have been suggestions that outcome may be related to age or symptom severity (2, 30, 90) . The data of Goetz et al. (58) and Kelly et al. (78) tend to suggest that patients with short baseline on times without chorea may show the largest improvements. Another possible predictor would be the condition of the adrenal medulla prior to transplantation, as measured by serum catecholamines (153).
The two methods of adrenal medulla transplantation that have been used clinically are stereotaxically guided intraparenchymal transplantation and visually guided transplantation into cavities in the wall of the lateral ventricle. These two techniques correspond closely to intraparenchymal and intraventricular transplantation, respectively, with one possibly important difference. As used in animals, intraventricular transplantation produces relatively little damage to the host brain parenchyma with only a small injury to the ependyma and brain parenchyma. The human transplantation technique involves the creation of a cavity on the wall of the ventricle. Injury to the brain parenchyma might contribute to the functional effects of adrenal medulla grafts, either by producing or enhancing the trophic effects of these grafts (15, 19, 36) or by enhancing dopamine-related effects. Thus the human intraventricular transplantation method might at least conceptually be the optimal methodology. That is, contact of the grafts with CSF might allow for good cell survival at least in some cases, while the creation of the cavity might enhance any trophic effects of the grafts. This remains conjectural, however, and the ventricular cavity transplantation method has still only partially (6) been tested using adrenal medulla grafts in animals.
VII. GENERAL CONCLUSIONS AND COMMENTS
From the above discussion, it is apparent that there are many gaps in the experimental literature on adrenal medulla grafts in rodent and primate models, as well as in human patients. It is apparent that numerous studies, including some of our own, have deficiencies due to the absence of crucial control groups, the necessity of which was not foreseen, usually because the experiments in question yielded results on topics that were not anticipated. Nevertheless, there are certain areas in which recommendations can be made.
First, in studies using rodent models, it is clear that one important issue is the determination of methods that result in consistent, predictable graft survival. Some factors that favor graft survival are known, such as emplacement of grafts in the ventricle or the addition of NGF infusions. Data on numbers of cells surviving in each circumstance with and without NGF are lacking. It is also apparent that adrenal medulla grafts do not always survive, even in the lateral ventricle. It is important to determine what circumstances result in graft survival in the ventricle and to experimentally manipulate these factors as an independent variable in controlled experiments, using objective measures of graft survival (e.g., cell counts). Once predictable survival of adrenal medulla grafts can be consistently obtained, whether there are specific effects of chromaffin cells (i.e., effects based on secretion of catecholamines from the grafts) can be determined.
On the other hand, putative trophic effects of adrenal medulla grafts may also occur. What is needed in this context is again, controlled experiments that employ objective, quantifiable measures. Immunohistochemistry adapts to quantification only with some difficulty, because of staining variability between animals. At this point, it appears to be important to employ several types of controls including inactive tissue grafts and nongrafted controls to assess whether these trophic effects are specific to adrenal medulla. Assessment techniques in addition to TH immunoreactivity, such as measurements of TH mRNA, TH catalytic activity, or dopamine production are needed to rule out possible artifacts resulting from reliance on a single method of assessment.
There are indications that adrenal medulla grafts may produce two different effects on host brain. When the grafts survive, they may produce functional effects through release of dopamine and possibly other substances. As might be expected, most evidence suggests that grafts in the ventricle produce functional effects only when they survive. When substantial numbers of chromaffin cells survive in intraparenchymal grafts, it is possible that these grafts also produce functional effects through a similar mechanism. If the chromaffin cells do not survive, they of course do not produce dopamine or other chemical substances. Under this circumstance, functional effects must be attributed to (i) the host brain reaction to injury, (ii) the release of chemical substances with trophic effects greatly outlasting their FREED, POLTORAK, AND BECKER production, or (iii) the production of substances by surviving non-chromaffin cells. The primary purpose of transplantation experiments in primate models is to test $rocedures with potential clinical application prior to use in human subjects. It is apparent that many of the things now being tested in human patients could readily be accomplished in primates. The use of primates would also permit histology to be done systematically.
It is very unfortunate that increasing restrictions on animal research and the high cost of studies in primates have, in some ways, made it easier to conduct experiments on human subjects than in primate models. Thus, there has not yet been a complete report of a controlled trial of the Madrazo et al. (90) procedure in primates. There are many obvious and fundamental issues that could easily be answered in primates, rather than subjecting human patients to procedures that may not be optimally effective. To take an obvious example, what is the maximum time from removal to implantation of the adrenal medulla that will result in good tissue survival? The opposite side of this issue is that transplantation of adrenal medulla for Parkinson's disease could easily be dismissed as not effective, because some basic procedural problem that could have been worked out in primate models has been overlooked.
Even for clinical trials themselves, there are some fundamental procedural issues that should be addressed. First, it is unfortunate to conduct these trials without obtaining quantitative objective measures of motor function.
Most of the clinical trials have employed, at best, rating scales. In some cases only more informal assessments have been used. Measurement reliability has been assessed very infrequently.
It is-or should be-fortuitous that Parkinson's disease involves motor deficits that can be so readily quantified.
Measures such as those employed by Lindvall et al. (87) and by Freed et al. (41) can provide very precise measurements of the outcome of transplantation procedures and are very easy to implement.
If such methods are standardized, it will be possible to determine the amount of improvement in each patient and thereby determine what factors are associated with greater or less clinical improvement.
Rating scales, although essential, can provide quantitative information to only a limited degree. It is also time to consider controlled trials involving comparisons of patients receiving adrenal medulla grafts to controls, or at least to nontreated groups or groups receiving other treatments, as it remains unclear whether any of the improvements are due to lesioning or other nonspecific surgical effects. The long-term changes seen after adrenal medulla grafts should also be compared to the expected progression of the disease, rather than to baseline scores only.
Thus, there are indications that autologous transplantation of adrenal medulla to the wall of the lateral ventricle can produce measurable clinical effects in severe Parkinson's disease. That any measurable effects are observed at all is, in fact, surprising:
Very large effects should not be expected, considering the modest effects of adrenal medulla grafts even in rats. The degree of improvement seen in most clinical studies is small, with a possibly greater improvement occurring in a minority of patients. There are indications that nonchorea on time may be substantially improved, and some patients may improve markedly. Certainly, a doubling of non-chorea on time in severely ill patients could be clinically significant, and use of the total function scale suggests that substantial improvement may occur in some patients. Very little attention has been paid to the reliability of outcome measures. The incidence of death and serious morbidity has been substantial and adverse side effects occur. At least over the short term, side effects seem to be very frequent (60, 106) . Whether the magnitude of the positive effects is sufficient to justify the associated risks has not been resolved, and it is not clear how consistently these effects can be produced.
There is a possibility that adrenal medulla transplantation procedures are differentially effective in different trials, depending on minor variations in technique. Factors such as length of time between adrenal medulla removal and implantation, inclusion of adrenal cortex in the grafts, variations in implantation technique and site, length of illness or age, severity of illness and baseline on time durations, or postoperative administration of L-DOPA may significantly influence outcome. It is particularly important that records of these variables be maintained through the American Association of Neurological Surgeons and the United Parkinson Foundation registries. Nevertheless, much of this information could be obtained more reliably through animal experiments. Eventually these data will have to be gathered in animals if adrenal medulla transplantation is ever to be optimized for human application. Further development of techniques for intraparenchymal adrenal medulla transplantation, hopefully in rodent and primate experiments (eq. (31)), will also be important to allow for transplantation into specific sites. The greater depletion of dopamine in the putamen, as compared to the caudate, in Parkinson's disease patients (81) argues for the possibility of transplantation into the putamen. It is unclear how these grafts produce behavioral effects in human subjects, and it is in fact possible that some of the effects are due to mechanisms not operative in the animal models that have so far been used (e.g., alterations of entry of L-DOPA into the brain 
